functional impairments. Yet, the reasons underlying this regeneration failure are not fully understood.
23
Here, we study the transcriptome and proteome shortly after spinal cord injury. Profiling of the total 24 and ribosome-bound RNA in injured and naïve spinal cords identify a substantial post-transcriptional 25 regulation of gene expression. In particular, transcripts associated with nervous system development 26 were downregulated in the total RNA-fraction while remaining stably loaded onto ribosomes. 27
Interestingly, motif association analysis of post-transcriptionally regulated transcripts identified the 28 cytoplasmic polyadenylation element (CPE) as enriched in a subset of these transcripts that was more 29 resistant to injury-induced reduction at transcriptome level. Modulation of these transcripts by 30 overexpression of the CPE binding protein, Cpeb1, in mouse and Drosophila CNS neurons promoted 31 axonal regeneration following injury. Our study uncovers a global conserved post-transcriptional 32 mechanism enhancing regeneration of injured CNS axons. 
43
Early in 1913 Santiago Ramón y Cajal already described that besides the weak and sterile end of 44 axotomized axons set to degenerate, there are active axonal ends, capable of sprouting, for which he 45 termed "bud" or "club of growth", due to their analogy to the growth cones of embryonic axons (Cajal 46 et al., 1991) . Interestingly, formation of sprouts at the axonal tip of axotomized dorsal root ganglion 47 (DRG) neurons is accompanied by increased expression of regeneration-associated genes (Ylera et al., 48 2009). Successful regrowth of central DRG axons as induced by a preconditioning peripheral lesion 49 requires the assembly of these regenerating terminal bulbs that are observed 5-7 hours following 50 injury (Ylera et al., 2009 ). Processes like membrane sealing, regulation of proteolytic processes, RNA 51 stability and local translation are major determinants of successful assembly of a regenerating axonal 52
terminal. Therefore, injured CNS axons do attempt to regrow in the early post-injury phases but 53 ultimately fail to do so. Consistent with this it has been shown that intrinsic pro-regenerative response 54 has to be stimulated before the onset of overt inflammatory response and scar formation (Bradke et 55 al., 2012) . Finally, and despite considerable phylogenetic distance between Drosophila and mouse, 56 many phenomena and mechanisms of CNS development and regeneration are conserved between the 57 two species ( axon of some of these regeneration-regulating transcripts is mediated via the 3'UTR of the transcripts.
69
For example, in C. elegans adult touch neurons, axotomy induces activation of DLK1 which promotes 70 stabilization and local translation of CEBP-1 by modifying its 3'UTR, and leads to robust regeneration 71 (Yan et al., 2009 ). 3' UTR-localized elements are known to nucleate the formation of 72 ribonucleoparticle complexes by binding miRNAs and/or RNA-binding proteins, which in turn, through 73 transport/compartmentalization and regulation of mRNA poly(A) tail length, controls translation and 74 RNA stability (Weill et al., 2012 used for RNA profiling to gain insights into the processes taking place in the proximal and distal axonal 111 ends affected by the injury. Polysome-bound transcripts were isolated via sucrose gradient 112 fractionation, and fractions containing RNA bound to two or more ribosomes were collected. Samples 113 were subsequently hybridized onto Affymetrix microarrays. Total and polysome-bound RNAs were 114 normalized separately, as polysome-bound RNA is a subset of total RNA and standard microarray 115 normalization methods that assume equality of distributions of total intensity between arrays could 116 not be used. Notably, correlation plots between arrays shows low variability between replicates, and 117 assessment of expression changes by quantitative real-time PCR (qPCR) largely validated the 118 expression changes obtained from microarray analysis (Fig. S1A-B) . 119 120
Since the chosen tissue not only contains the injured neuronal processes, but also other cellular 121 subtypes, we first analyzed whether the injury would have a major impact on cellular tissue 122 composition at this early time point. To this end we compared the intensities of probesets mapped to 123 marker genes for motor neurons and other local neurons, oligodendrocytes, microglia, precursor cells 124 present in the central canal, and blood-borne cells (see Table S2 ). The analysis revealed a high 125 correlation between expression patterns of naïve and injured spinal cord (0.97 and 0.99 Pearson 126 correlation for total and polysome fraction, respectively), indicating the absence of major changes in 127 tissue composition upon injury (Fig. S1C) . By contrast, a high proportion of probesets in both total and 128 polysome-bound fractions exhibited significant changes upon injury (Fig. 1B) . Importantly, for many 129 differentially expressed probesets, the changes in total and polysome-bound RNA do not correlate 130 (Fig. 1B-D, Table S1 ). A large proportion of changes occur only in the total RNA fraction with no 131 corresponding changes in the polysome-bound RNA. This agrees with previous observations in which 132 stress conditions trigger a general shut down of translation to maximize cell survival (Park et al., 2008; 133 Yamasaki and Anderson, 2008) . Differentially regulated genes in the total RNA fraction are similarly 134 distributed between up-and down-regulation (1B-C). The polysome-bound RNA fraction showed 135 fewer differentially regulated genes than the total RNA fraction, with most of those being down-136 regulated (Fig. 1B-C) . The difference in numbers of differentially regulated genes between the total 137 and polysome-bound fractions indicates that the translational response to injury is highly uncoupled 138 from RNA availability. In addition, many genes displayed opposing directions of regulation, suggesting 139 considerable influence of post-transcriptional regulation (Fig. 1D) . 140 141
Uncoupled genes are functionally clustered and regulate neuronal regeneration 142 143
To assess the functional role of the observed uncoupling effect, Gene Ontology (GO) (Ashburner et al., 144 2011) enrichment analysis was performed and visualized using Cytoscape (Shannon et al., 2003) .
145
Enrichment of up-and down-regulated genes was represented as red and blue nodes respectively. In 146 the total-RNA fractions, transcript availability of genes related to translation, RNA processing, protein 147 catabolic processes and protein transport was increased upon injury, but decreased for genes related 148 to CNS development ( Fig. 2A and This analysis revealed that transcripts possessing CPE are associated with resistance to injury-induced 188 down-regulation, as compared to transcripts devoid of CPE (Fig. 3A) . Notably, this association was also 189 seen for genes related to axon and CNS development GO categories (Fig. 3B ). In contrast, presence or 190 absence of CPE did not influence injury-induced changes on the level of ribosomal-loading ( Fig. 3A and  191 S2A). Likewise, RNA transcripts possessing PBE, MBE, Hex and AREs were also associated with 192 resistance to injury-induced down-regulation in the total but not in the polysomal RNA fractions ( (Table S1 ). Together with the fact that Cpeb1 overexpression in Drosophila 207 promoted robust axonal outgrowth of developing sLNvs (Table 1) , we chose Cpeb1 for further detailed 208 investigation.
210
To elucidate whether CPE has a general functional role, GO enrichment studies were performed on the 211 prevalence of CPE among all protein coding genes of the mouse and fly genomes. Many nervous 212 system development categories were enriched among CPE containing genes in the mouse genome, 213 including neuron projection morphogenesis, axonogenesis and axon guidance ( Fig. 3C and Table S5 ).
214
There were no categories found with an under-representation of CPE. Interestingly, almost all 215 categories in the mouse genome enriched in CPE-containing genes are also enriched in Drosophila, 216 suggesting a high level of conservation of CPE function between the two species. 217 218 Cpeb1 promotes regeneration following neuronal injury 219 220
Our data suggest that CPE-enriched transcripts are temporarily protected from degradation after 221 injury. Surprisingly, neither Cpeb1 mRNA nor protein levels were changed significantly upon SCI 222
(although a trend to down-regulation could be observed (Fig. S5 ). Whether Cpeb1 is specifically down-223 regulated in neurons following SCI could not be assessed due to the lack of a working anti-Cpeb1 224 antibody for immunohistochemistry. To address the neuronal specific role of CPEB1 in axonal 225 regeneration, and specifically whether the failure to upregulate Cpeb1 might in part explain the 226 transient and abortive nature of the regenerative response to injury, we overexpressed the fly 227 homologue of Cpeb1, Orb, exclusively in the sLNvs. Fly brains were dissected and kept in culture as 228 described (Ayaz et al., 2008; Koch and Hassan, 2012) (see also accompanying manuscript). sLNvs were 229 mechanically injured and the regenerative response was assessed after four days. The number of 230 sprouts, regenerated length and distance reached from the lesion point were found to be significantly 231 increased in neurons overexpressing Orb compared to control flies overexpressing LacZ in the same 232 set of neurons ( Fig. 4A-D) . 233 234
To investigate whether this effect is conserved in mammals too, we turned to a mouse model of optic 235 crush injury that allows overexpression of Cpeb1 in mouse retinal ganglion cells (RGCs) via infection 236 with adeno-associated viral (AAV) vectors. Thereafter, regeneration of RGC-axons was assessed 237 following a crush injury of the optic nerve. Importantly, as in Drosophila, over-expression of Cpeb1 238 enhanced axon regeneration in the mouse optic nerve, as both the number and length of regenerated 239 axons were higher when measured 2 weeks after injury as compared to AAV-GFP infected control 240 RGCs ( Fig. 5E-F ). The number of RGCs in the retina remained constant, indicating that the regenerative 241 effect is not due to reduced cell death after injury ( Fig. 5G-H ). To test whether knockout of Cpeb1 242
produces an opposite effect, we knocked out Cpeb1 in primary cultures of mouse cortical neurons.
243
Efficient knockout is triggered via AAV-Cre mediated deletion of exon 4 (Fig. S6A ), which causes a 244 frameshift that affects the activation and RNA recognition domains of Cpeb1. Neurons were cultured 245 in a transwell chamber which specifically allows neurites to grow on the underside of the chamber.
246
Scraping the lower side of the transwell mimicked a transection-injury. Thereafter, regenerating 247 neurite on the underside could be examined. Notably, knockout of Cpeb1 was found to reduce the 248 number and length of regenerated neurites 24 hours after injury ( Fig. S6B-C analyze the extent of axonal regeneration in the optic nerve, the number of axons that passed through 431 distance d from the lesion site was estimated using the following formula: ∑ a = πr × 432 average axon numbers per mm/t , where r is equal to half the width of the nerve at the counting site, 433 the average number of axons per mm is equal to the average of (axon number)/(nerve width) in 4 434 sections per animal, and t is equal to the section thickness (8 μm). Axons were manually counted in a 435 blind fashion. Two-tailed Student's t-test was used for the single comparison between two groups. The 436 rest of the data were analyzed using ANOVA. Post hoc comparisons were carried out when a main 437 effect showed statistical significance.
439
Generation and primary culture of Cpeb1 knockout neurons 440 441
Primary cultures of cortical neurons were prepared from embryos of Cpeb1 flox/flox mice. Cre-mediated 442 excision will remove exon 4 of Cpeb1 and cause a frameshift that affects the phosphorylation site for 443 activation of Cpeb1 as well as its RNA recognition motifs. Cultures were prepared from cortices of 444 E16.5 embryos. Briefly, dissected cortices were digested with 0.05% trypsin for 15 minutes, triturated 445 with a fire-polished glass pipette and plated on poly-L-lysine coated surfaces. Neurons were cultured 446 in HS-MEM (1x MEM (Thermo Fisher), 10% horse serum, 1.2% glucose, 4mM L-glutamine, 1mM 447 sodium pyruvate, 0.22% NaHCO 3 , 100 U/ml penicillin-streptomycin) and infected with serotype 2 AAV 448 encoding CAG-Cre at an MOI of 1x10
5
. 24 hours later medium was replaced with N2B27-MEM (1x 449 MEM (Thermo Fisher), 1x N2 supplement, 1x B27 supplement, 0.1% ovalbumin, 0.6% glucose, 2mM L-450 glutamine, 1mM sodium pyruvate, 0.22% NaHCO 3 , 100 U/ml penicillin-streptomycin 
Drosophila experiments 469

Stocks and genetics 470
Drosophila melanogaster stocks were kept on standard cornmeal media. For tissue specific 471 overexpression of the transgenes, we used the GAL4/UAS system (Brand and Perrimon, 1993). For the 472 genetic screen in development and after injury, pdf-gal4, uasgfp; pdf-gal4, uas2x egfp/cyo flies were 473 kept as a stock and used to drive expression of the various candidate genes, or crossed to wild-type 474
Canton S (CS), in the case of the outgrowth experiments, or to UAS-lacZ, in the case of the injury 475 experiments. Overexpression stocks were obtained from the Bloomington Stock Centre and the PDF-476
Gal4 line was obtained from P. Taghert. All flies were dissected 2-10 days after eclosion. 477
Drosophila outgrowth and injury assays 478
To measure axonal outgrowth during development, flies were reared at 25°C and were dissected in were carefully dissected out in a sterile Petri dish containing ice cold Schneider's Drosophila Medium 486 (GIBCO), and transferred to one culture plate insert containing culture medium (10 000 U/ml 487 penicillin, 10 mg/ml streptomycin, 10% Fetal Bovine Serum and 10 µg/ml insulin in Schneider's 488 Drosophila Medium (GIBCO). sLNv axonal injury was performed using an ultrasonic microchisel 489 controlled by a powered device (Eppendorf) as described (Ayaz et al., 2008; Koch and Hassan, 490 2012)and dishes were kept in a humidified incubator at 25°C. Four days later, cultured brains were 491 fixed and immunohistochemical staining was performed as for freshly dissected samples. 492
Imaging, morphometric measurements and statistics 493
For the outgrowth experiments, brains were visualized under a fluorescent microscope equipped with 494 a GFP filter and classified as having "increased outgrowth", "reduced outgrowth" or "no observable 495
effect" according to comparison of sLNv length with that of controls.
For the injury experiments, de novo growth was assessed four days after injury by measuring injured 497 sLNv projection that has formed at least one new axonal sprout of a minimum length of 12µm. The 498 exact injury location was accessed by comparison with axonal projection length at 5 hours (where no 499 de novo growth has occurred). Imaging was performed on a Zeiss 500 or 700 confocal microscope and 500 analyzed with Image J. Regenerated length was defined as the de novo axon lengths using the manual 501 tracing tool. Projected distance was defined as the displacement of the axon sprouts from the lesion 502 site, measured in a straight line. All images were analyzed in a blind manner. Statistical comparisons 503
were performed with two-tailed student's t-test. 504 vectors. RM and CM provided the transgenic mouse line, antibodies and critical discussion of the data.
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